INTRODUCTION
Information of basic biochemical significance pertinent to sporogenesis in bacteria has been limited by the fact that the spore-forming process has been studied almost exclusively in growing cultures. Most such studies, therefore, represent conclusions as to the effect of various treatments during growth on the subsequent ability of the particular vegetative cells to sporulate in the growth medium. The complexity of this situation physiologically has been shown by Knaysi (1945) , by Foster, Hardwick, and Guirard (1950) , and by others. It is evident that a more direct approach to the sporogenic process is desirable. Should it be possible systematically to study sporogenesis completely independent of growth media and growth itself, the experimental approach to the spore-forming mechanism might be aided, as was the study of respiratory mechanisms in nomproliferating "resting" cell suspensions. Progress in this direction has been accomplished by the results described herein. It is shown that under certain conditions numerous species of bacillus, in the absence of nutrients and consequently where growth is precluded, sporulate abundantly according to a predictable pattern. That vegetative cells of members of the genus would sporulate when suspended in distilled water has been occasionally observed in the past (Buchner, 1890; Schreiber, 1896; Knaysi, 1945) , but utilization of this important fact as an experimental approach to sporogenesis evidently has not hitherto been attempted.
Materials and Methods
A synthetic glutamic acid-glucose-salts medium (GGS) (Foster and Heiligman, 1949) was used for cultivation of the bacteria employed. The majority of treatments involved small volumes of liquid in Erlenmeyer flasks on a reciprocating shaking machine at 30°C. The indispensability of this technique for sporulation studies of this kind has been dearly demonstrated (Grelet, 1946; Foster and Heiligman, 1949) .
Conventional methods were employed throughout. Sporulation data ("per cent spores, because of their conspicuous refractility, could be counted in wet mounts without staining, and that values obtained independently by the two procedures checked satisfactorily. The wet mount procedure is easier and was used in most of the studies reported here.
RESULTS
Growth and Sporulatlon Curves.-- Fig. 1 depicts typical data for growth and sporulation in GGS shake cultures of our strains of Bacillus rnycoides and Bacillus lacticola.
B. mycoides is particularly well suited for these studies since there was no evidence of lysis for 48 hours at 30°C. Its large cell and spore size facilitates counting.
In these experiments 150 ml. GGS in 1 liter Erlenmeyer flasks was inoculated with spores from 7 day yeast extract agar slants, and shaken continuously. Total and spore counts were made at hourly intervals with a Petroff-Hausser chamber until incipient sporulation, then at 30 minute intervals until sporulation was completed. Characteristically, sporulation does not commence until virtual completion of growth. Sporulation displays a "trigger"-like effect--the sporulation value under these conditions rises from zero to about 90 per cent in a period of approximately 2 hours. These observations are analogous to those of Bayne-Jones and Petrilli (1933) and of Knaysi (1946) on microcolonies.
B. mycoides is an example of the type of spore former in which the sporangium containing the spore persists for some time. B. lacticola illustrates the type in which free spores are fiberated from the sporangia soon after sporogenesis is completed.
Sporulation of Washed Cells in the Absence of
Nutrients.--The behavior of growing cultures of B. mycoides suggested that sporulation is independent of growth, with respect to time and to requirements, and that sporogenesis could be studied in a medium devoid of nutrients.
Several different species of bacillus (B. mycoides, B. cereus, B. megatherium, B. subtilis, B. lochead, and B. lactlcola) were cultivated in GGS with shaking and were removed at times when microscopic examination revealed no spores, though abundant vegetative development occurred. Depending on the organism, the time varied from 12 to 18 hours. Each of the cultures began to sporulate within several hours after this time if allowed to continue in the growth medium. The vegetative cells were centrifuged under aseptic conditions, washed three times by centrifugation in sterile distilled water, and resuspended in a volume of distilled water corresponding to the volume of growth medium which contained the cells originally. This treatment is designated as "replacement." Halving or doubling the concentration of cells did not change the results. 3 ml. of this suspension was transferred aseptically to sterile cotton-plugged 50 ml. Erlenmeyer flasks, which were then placed on the shaking machine for 18 hours.
The percentage sporulation in distilled water for each of the different species approximated that reached in the corresponding growth cultures which were allowed to continue to completion, namely 70 to 90 her cent. Thus almost all the cells in a suspension can sporulate in the absence of exogenous nutrition.
B. mycoides was selected for detailed study, An outstanding characteristic of replacement sporulation is that no spores are formed during shaking for many hours. Then the trigger effect is observed, virtually all the cells sporulating suddenly and within a 2 hour period (Fig. 2) . A similarity to the sporulation pattern in growth cultures (Fig. 1 ) is noted and it is probable that sporogenesis occurring in growth media actually is independent of the exogenous nutrients present at that time. Replacement sporulation occurred abundantly regardless of age of the vegetative cells at time of replacement. Knaysi (1945) reported that cells of B. mycoides from 1 and 3 day old growth cul-tures sporulated when aerated in distilled water and that the sporulation was higher in older distilled water suspensions. The maximum sporulation obtained in Knaysi' to shake several hours after their generation to secure lysis of the sporangia and liberation of free spores. Crops of spores were also obtained from GGS growth medium. After washing by centrifugation, the spores of each organism from distilled water and from GGS were diluted to the same concentration, as judged by a Petroff-Hausser count. A suspension of vegetative cells was used as a control. Heat resistance at 85°C. was measured by the multiple tube method as used by Williams (1929) . Quadruplicate plate counts after the different exposure times at 85°C. were made using GGS agar supplemented with 0.5 per cent basamin and 0.1 per cent soluble starch. The colonies were counted after incubation of the plates for 24 hours at 30°C. The results, presented in Table I , show conclusively that, judged by heat resistance, the spores generated in distilled water are indistinguishable from those produced in the growth medium. In each case the vegetative cells were relatively heatsensitive.
Respiratory Exchange during Sporogenesis.--In Fig. 2 are portrayed the results of a distilled water replacement experiment in which the cell suspensions were shaken in Warburg respirometer vessels and the respiratory exchange measured over the entire incubation period including sporogenesis. Control vessels contained aliquots of the suspensions which could be examined periodically for spore percentages. The characteristic spore formation pattern was obtained. In the case of B. lacticola it is seen that oxygen uptake practically ceases once sporulation is complete. This is probably the result of lysis of residual vegetative cells and sporangia, which as remarked earlier, is typical for this organism. B, mycoides, in which sporangia persist~ showed no such break in gas exchange. In several experiments respiratory activity of this organism appeared to continue uninterrupted by the occurrence of sporulation. The enzymatic activities of spores are being studied further.
I~(~uence of Gas Phase on Sporogenesis in Distilled
Water.--Several suspensions were prepared as above, in Warburg manometers, the composition of the gas phase being varied. A suspension shaken in air showed 70 per cent of the cells had sporulated in 13 hours. A culture made anaerobic with nitrogen gas had no spores even after 24 hours. This confirms the well known requirement of oxygen for sporulation in this genus. Short exposure to anaerobic conditions does not irreversibly destroy the sporogenic properties of the vegetative cells; after 4 hours of nitrogen, the gas phase over one suspension Fro. 6. From a smear made 9 hours after replacement. I t shows sporulation approximating 50 per cent.
was replaced by air, and in less than 20 hours the 70 per cent sporulation figure of the control was attained.
The sporulation process is completely suppressed by the presence of 5 per cent CO~ in the air above the suspension, no spores being produced in 2i hours, compared to the control 70 per cent in 13 hours. The pH of the suspension was not materially lowered. The CO~ caused some damage to the sporogenic mechanism. Thus, exposure to air containing 5 per cent CO2 for 4 hours, followed by replacement by air, reversed the inhibition only to the extent of FIG. 7. Taken 11 hours after replacement, shows virtually a pure spore suspension. Wet mounts examined at this time show the spores to be contained inside vegetative cells; free spores will not he apparent for some 12 hours later at 30°C. 30 per cent after 20 hours. The nature of the CO2 effect was not studied further.
I~fluence of Growlh Medium upo~ Sporogelcesis of Cells in Distilled Water.-
The question here is, do vegetative cells harvested from non-sporogenic growth media have the ability to sporulate when subsequently suspended and shaken in distilled water? Methods of producing asporogenic growth media by addition of alanine, by omission of glucose, and by fatty acids have been described previously (Foster and Heiligman, 1949; Foster, Hardwick, and Guirard, 1950; Hardwick, Guirard, and Foster, 1951) . Antisporulation activity of alanine and of fatty acids is reversed to the extent of approximately 50 per cent by removing the inhibitors. In the absence of glucose cells of B.
raycoides and several other species of bacillus sporulate only to a slight extent in the growth medium or in distilled water subsequent to the growth medium, despite the fact that growth proceeds abundantly in the former. I t may be that glucose is used for synthesis of stored energy and precursors fssential to the subsequent sporulation mechanism, I n h i b i t i o n of Replacement Sporulation by Glucose.--Of a variety of nutrilites tested as supplements in distilled water suspensions of B. mycoides, none appeared to influence sporulation strikingly, with the exception of glucose, butyric, and heptylic acids. The cultures exposed to glucose at a level of 2 to 4 rag. per ml. contained no spores after 24 hours as compared to 90 per cent after 12 hours in the unsupplemented control. This remarkable effect of gin- cose in suppressing sporulation of cells in distilled water has been observed repeatedly and with all species of bacillus tested thus far. It corresponds to the similar effect of glucose obtained by other investigators (Knaysi, 1948; Grelet, 1951) in media otherwise adequate for growth; the effect has been interpreted as counteracting the "starvation" phenomenon held responsible for sporogenesis. The two fatty acids mentioned were inhibitory to sporogenesis at 1 rag. per ml. each; they have not been studied further.
Concentrations of glucose in excess of 2 rag. per ml. result in acidification of the suspension fluid to pH 6.0 or less as a result of metabolism of the bacteria. In view of the well known adverse effect of acidity on sporulation, this point was studied in detail. Sporulation percentages were obtained in distilled water suspensions adjusted to various pH values with 0.1 per cent K~HPO4-NaH~PO4 buffer. It was found that sporulation of B. mycaides cells was sig-nificantly depressed only at pH values below approximately 6.0, and not affected at least up to pH 8.5, the upper level tested. The pH value in each case remained constant through the entire experiment.
Check experiments showed that the buffer per se had no influence on the sporulation process in distilled water. All subsequent studies on the effect of glucose were conducted in 0.1 per cent phosphate buffer (initial pH 6.8). As further insurance, final pH values were obtained in all glucose treatments, and no significant changes occurred.
It would appear that the glucose metabolism successfully competes in the cell with intracellular metabolism essential to sporogenesis and, added prior to sporulation, the carbohydrate can completely preempt it. We assumed that in the presence of glucose, nutrilite precursors of the spore are diverted from use in spore synthesis. In all probability such precursors are nitrogenous substances. If this is true one might expect that after a certain point the utilization for spore synthesis of stored intracellular precursors will have progressed to a stage in which sporulation is irreversible insofar as glucose addition is involved. Data presented graphically in Fig. 8 are in complete agreement with this hypothesis.
Cells from a 14 hour old GGS culture were washed three times and suspended in water at twice their original concentration. The flask was placed on the shaking machine at 30°C. Aliquots were removed at hourly intervals and transferred to small flasks containing phosphate buffer at pH 6.8, and glucose, so that final concentrations were 0.1 per cent and 4 rag. per ml., respectively. These were placed on the shaker and sporulation observed periodically. It can be seen from Fig. 8 that addition of glucose after shaking the vegetative cells in water for 1, 2, 3, 4, and 5 hours respectively, completely supressed sporulation. The recorded sporulation values were obtained after equal incubation periods in glucose, namely 14 hours. These values did not change even after 26 hours. The final pH values were never below pH 6.2, which is not low enough to cause the inhibition. Glucose added to cells shaken for 6, 7, and 8 hours was progressively less effective, and when added after 9 and 10 hours, was totally ineffective in suppressing sporulation. The sporulation percentage in the latter equalled that reached in the non-glucose control after 13 hours. Here also pH effects were excluded. Thus we conclude that during the shaking period in water, changes predisposing the cell toward spore synthesis take place intracellularly before visible sporulation occurs. These changes are manifested by the gradual shift from complete reversibility of sporulation by glucose to complete irreversibility, before visible sporogenesis. The irreversibility presumably is a consequence of strictly endogenous metabolism since exogenous nutrients are absent.
This irreversibility phenomenon already was well known (Bayne-Jones and Petrilli, 1933; Knaysi, 1946) in the sense that cells taken from a growth medium just prior to sporogenesis and used as inoculum for fresh growth medium processed to sporulate in the new medium before making new vegetative growth. We have also confirmed this.
Grelet (1951), whose paper appeared after completion of this work, reported that sporulation was suppressed in a medium already depleted of glucose only when more of the carbohydrate was added considerably in advance of sporulation. Delayed additions of glucose failed to stop sporogenesis.
Reversal of Glucose Inhibition of Sporogenesis by Ammonia.--If the above
mentioned explanation based on the assumption of intracellular nitrogenous precursors is correct, any condition tending to prevent depletion of the intracellular supply of nitrogenous precursors should restore sporogenesis even in the presence of glucose. Experimental data show that this is what happens. Aliquots of a cell suspension prepared in the usual way in 0.1 per cent phosphate buffer (pH 6.8) and containing 4 rag. glucose per ml. received graded amounts of ammonium hydroxide as a source of nitrogen. A corresponding control series identical except for the absence of glucose was run simultaneously. Spore counts were made after 12 hours' shaking. The highest level of ammonium hydroxide by itself did not alter the pH of the suspension or influence sporogenesis, as compared to the standard treatment with no ammonia. Glucose by itself completely suppressed sporulation, but in the presence of 60 to 120/zg. of ammonium hydroxide complete suppression was not observed. The extent of reversal by ammonium hydroxide varied from experiment to experiment; the minimum usually was above 50 per cent.
N A T U R E OF SPOROGEN'ESIS IN B A C T E R I A
Antimetabolites.--Reversal by ammonia of sporulation inhibition caused by glucose supports the deduction that an intracellular pool of nitrogenous precursors is utilized for sporogenesis, and more important, suggests that active synthesis, probably of proteins, utilizing small molecular weight metabolites, may be involved. Detection of the participation of free amino acids or other low molecular weight metabolites in the sporogenic process was next attempted. Several amino acid analogues (some were obtained through the courtesy of Dr. William Shive) were tested at the 1 mg. per ml. level in distilled water suspensions of B. mycoides. Of the dozen tested the majority showed inhibition of sporogenesis, some complete inhibition, others partial. Of particular interest were three whose inhibitory effects proved in subsequent experiments to be almost entirely reversed by 100 #g. of casaminoacids per ml. Selected as inhibitors for further study were (1) the amino acid norleucine, (2) cyclopentaneglycine and (3) p-fluorophenylalanine.
Norleucine is known to be a competitive inhibitor of methionine utilization in Escherichia coli (Harris and Kohn, 1941; Porter and Meyers, 1945) . Cyclopentaneglycine is a competitive inhibitor of isoleucine. We are indebted to Dr. William Shive for furnishing this material in advance of publication of its synthesis and antimetabolite action, p-Fluorophenylalanine, a competitive inhibitor of phenylalanine utilization (Mitchell and Niemann, 1947) , was kindly furnished by Dr. S. Spiegelman. Table II shows results of an experiment testing various concentration combinations of the antimetabolites and their corresponding amino acid metabolites.
Involvement of purine metabolism during sporogenesis is also made probable by inhibition studies with 2,6-diaminopurine. This compound is known to interfere with utilization of exogenous adenine, purine ribonucleosides, and nucleotides (Elion and Hitchings, 1950) .
In Table II the concentrations reported for each inhibitor suppressed sporulation completely. In each case addition of the corresponding metabolite at the appropriate concentration reversed this inhibition completely. Partial reversal was detected at considerably lower levels of the metabolites. Cross-concentration data (Table II) indicate this is competitive inhibition of utilization of preformed metabolites rather than inhibition of metabolite synthesis (Williams el al., 1950) .
Nitrogen Content of Cells in Relation to Sporogenesis.--If an intracellular pool of nitrogenous precursors is a prerequisite for sporogenesis, any extrinsic factor tending to reduce the intracellular content of proteins would theoretically lessen the ability of the cell to undergo sporulation. A direct test of this point becomes possible from knowledge that bacterial cells can be obtained which differ considerably in protein content, by the simple procedure of varying the nitrogen content of the medium in which the cells are series of flasks containing 0.4 per cent glucose-salts medium and which differed in the amounts of nitrogen available in the form of basamin (yeast extract).
The concentrations of the latter were respectively 63, 125, 250, 500, and 1,000 /~g. per ml. After incubation with shaking for 4 h~urs, growth was most limited in the 63 /zg. concentration of basamin, although enough cells developed to produce a definite turbidity. Mter incubation for 6 hours, growth had become limiting in the 250 #g. concentration. One duplicate series was removed after 4 hours and the other after 6 hours, and the cells from each medium washed three times by centrifugation, suspended in water as usual, and placed on the shaker. After 12 hours' shaking, the low nitrogen cells (63 /zg.) from the 4 hour set had not sporulated, whereas the cells from all the other treatments in which nitrogen was not limiting had sporulated to the extent of 90 per cent of the cells present. Similarly, the cells from the 63, 125, and 250 #g. levels in the 6 hour set failed to sporulate whereas the others sporulated. Thus, impoverishment of the cell with respect to its protein content abolishes the capacity of the cell to sporulate. This is additional evidence that the components utilized for spore synthesis are derived from the proteins of the vegetative cell. This phenomenon appears to be analogous to the abolition of adaptive enzyme synthesis in low protein cells described by Virtanen and De Ley (1948) .
Adaptive Enzyme Synthesis and Sporogenesis.--The evidence presented in
the foregoing with respect to spore formation, together with available evidence with respect to adaptive enzyme synthesis (Spiegelman, 1951) reveals that both processes are characterized by a dependence on preexisting endogenous protein, presumably to furnish precursors for the new synthesis. Theoretically, then, in any one cell adaptive enzyme synthesis and spore synthesis would be mutually exclusive. Of a series of organic substances tested, maltose (Difco) and trehalose were found to be adaptively attacked by B. mycoides vegetative cells harvested from glucose medium. In both these cases sporogenesis was concomitantly suppressed. However, this experiment is not critical because glucose presumably is derived from each of the adaptable substrates, and the suppressive effect on sporogenesis in these adapting systems is indistinguishable from that of glucose itself. However, useful information was obtained by studying the effect of spore synthesis on the capacity of vegetative cells to adapt to specific substrates. Advantage was taken of the period during which sporogenesis is irreversible in which after a certain time sporogenesis continues regardless of the addition of glucose (see Fig. 8 ). Normally, cells taken well before the point of irre-versibility of sporogenesis adapted completely to the oxidation of maltose (and of trehalose) within a period of 30 minutes. Thus in part A, Fig. 9 , it is dear that washed cells harvested from GGS medium commenced to oxidize glucose at maximum rate almost at once. Maltose oxidation was characterized by a lag and by an exponentially increasing rate which took 30 minutes to reach the maximum. This is characteristic of adaptive enzyme formation. The lag in O2 uptake during the first 20 minutes very likely was more ex- treme than the graph shows. A portion, if not all, the O, uptake in excess of endogenous during this early phase of the maltose treatment is ascribable to oxidation of impurities in the maltose. (Subsequent paper chromatographic analysis (Partridge and Westfall, 1948) of the maltose employed in these experiments showed th.e presence of significant spots with RI values which coincided with those of glucose tested concurrently.) Mter 14 hours' shaking, the endogenous control showed 90 per cent of its cells had sporulated, whereas no spores were observed after either the glucose or maltose treatments.
Part B, Fig. 9 , represents treatments identical with those in part A, only applied after the washed cells had been shaken in the absence of substrate for 7 hours; i.e., until the "irreversibility of sporogenesis" set in. Examination of the suspension at this time showed that no microscopically visible spores were present. Addition of glucose and of maltose at this moment evoked a response quite different from that given by the freshly harvested cells (part A, Fig. 9 ). Whereas endogenous respiration of the cell suspension was relatively unchanged (in several experiments there was some reduction in endogenous respiration), there were two significant differences with respect to the substrates, (1) no adaptation to maltose was evident over a 75 minute period, and (2) the rate of glucose oxidation was remarkably reduced. The small constant rate recorded in the maltose treatment we regard as due to oxidation of glucose impurities in the maltose. 7 hours after addition of the carbohydrates, cell suspensions in glucose, in maltose, and in the endogenous control showed 90 per cent of the cells had sporulated.
To implement our assumption that the lag period in maltose oxidation seen in Fig. 9 (part A) actually represents adaptive enzyme formation, the following experiment was performed. Two portions of GGS medium were inoculated with B. mycoides and after 8 hours' growth, sterile maltose solution was added to one flask, giving 3 rag. per ml. final concentration. An equal amount of glucose was added to the second flask. Incubation was continued for 1 hour. Then cells from both media were washed, resuspended in water, and aliquots tested for their ability to oxidize glucose and maltose separately. The cells previously exposed to maltose, i.e. adapted cells, oxidized glucose and maltose immediately and at maximum rate. The unadapted cells oxidized only glucose immediately at maximum rate; maltose oxidation was adaptive, similar to that depicted in part A, Fig. 9 .
We conclude from these experiments that when the irreversibility of sporogenesis is reached the available supply of endogenous protein already had been utilized for the synthetic activities involved in sporogenesis, with the consequence that adaptive enzyme formation, which also requires that endogenous protein, became impossible. It is also concluded from this experiment that a portion of the endogenous protein evidently consists of the preexisting constitutive enzyme complex involved in glucose oxidation, since the amount of this complex is markedly reduced during the period of protein synthesis preceding visible sporulation. In summary, it would appear that adaptive enzyme formation and spore formation represent competitive syntheses, both at the expense of a common supply of endogenous protein.
DISCUSSION
The results reported here provide strong evidence for considering sporogenesis as a strictly endogenous mechanism. Exogenous nutrition is completed before the metamorphosis commences, and appears to be needed for the synthesis of cytoplasmic components characteristic of the vegetative cell. Later, in the absence of exogenous nutrients, at least some of these cytoplasmic components are utilized for construction of the spore material.
It appears that two conditions must be satisfied in order for spore formation to occur in an aerobic bacterium genetically endowed with that ability. There must be (1) an intracellular supply of energy, and (2) an intracellular supply or "pool" of nitrogenous reserves which furnish precursors of the spore material. (p32) is not inconsistent with the idea of degradation of organic forms of phosphate during sporogenesis. The cells were washed and subjected to the replacement treatment in the usual way. There was a steady rate release of soluble P~ until sporulation commenced, at which time a conspicuous increase in rate of release of soluble p32 was observed. A corresponding decrease in p3~ content of the cellular material was noted. This lasted until sporulation was complete. It should be noted that all the p32 released probably is not directly related to sporogenesis.
Energy.--The

Endogenous Nitrogenous Precursors.--The immediate precursors are prob-
ably low molecular weight substances such as amino acids, peptides, purines, pyrimidines, nucleotides, etc. The low molecular weight nature of these substances is concluded from the facts that (1) ammonia restores sporogenesis in the presence of glucose, and that (2) specific amino acids and purines reverse inhibition of sporogenesis by the corresponding antimetabolite analogues.
The suppression of sporogenesis by glucose is a point of considerable interest. We may suppose that during the first 5 hours or so (Fig. 8) , glucose functions as readily utilizable energy and carbon source. Intracellular nitrogenous precursors of the spore, before the 5th hour would, with the carbon source, be utilized in part for synthesis of vegetative (enzyme?) proteins, instead of spore proteins. After the 5th hour the precursors are irreversibly committed to synthesis of spore proteins. Relief of the competitive influence of glucose by ammonia probably has as an explanation a sparing influence of the ammonia on precursor utilization. A striking analogy is noted to the suppression in yeast of specific adaptive enzyme synthesis from an intracellular nitrogenous pool (Spiegelman and Dunn, 1947) . There competition for the precursors in the pool was caused by synthesis of other specific adaptive enzymes, and the competitive effect was relieved by an exogenous nitrogen source.
Taken together, the results presented here provide prima-facie evidence for the hypothesis that an essential portion of the spore protein is synthesized de novo from preexisting vegetative cell constituents, rather than produced simply by condensation or aggregation of protoplasm (Knaysi, 1948) .
In this connection, the modern concept of the dynamic state of high polymeric substances permits us to assume that the precursors are produced by enzymatic degradation of a storage pool of vegetative proteins. Thus low molecular weight precursors would be generated and utilized for spore synthesis without accumulating intracellularly in significant amounts.
A possible clue as to the nature of the vegetative nitrogenous pool may be derived from the observation that a very substantial reduction in the size of the cells occurs progressively as sporogenesis develops (see Figs. 3 through  7) . Accompanying this change is the reduction in affinity for basic stains. Probably considerable reduction occurs in the content of magnesium ribonucleoprotein generally held responsible for the characteristic Gram-positive reaction of bacteria (Steam and Steam, 1929; Dubos, 1937; Stacey, 1949) . It is worth noting that the typically sporulating bacteria belong to groups displaying most conspicuous Gram-positive tendencies.
Other intracellular proteins, enzyme proteins specifically (see Spiegelman and Dunn, 1947) , are equally good possibilities for the cellular protein depots whence come the small molecular weight precursors of the spore. Pertinent experiments are those showing (1) the inability of low protein cells to sporulate, and (2) the suppression of adaptive enzyme formation by cells irreversibly committed to sporogenesis. The major portion of the protein in vegetative bacterial cells probably has some enzymatic function, known or unknown. Also, strengthening the idea of sporogenesis at expense of enzymes in the vegetative cell, recent experiments (Hardwick and Foster) show a remarkable loss in catalase activity of cell-free spore extracts as compared to extracts of the progenitor vegetative cells. Should this be a general phenomenon, applying to other enzymes, we would be obliged to view spore proteins as enzymatically nonfunctional. This problem is being studied further.
According to our ideas at present, vegetative enzyme protein synthesis and sporogenesis are mutually exclusive in any one cell. Enzyme protein synthesis will always be dominant so long as any readily utilizable exogenous source of energy and exogenous or endogenous nitrogen are available. In cells in glucose solution, there is an evident propensity for vegetative enzyme protein synthesis at the expense of spore synthesis. An additional consequence is that energy (and nitrogenous nutrilites) serves to maintain intact the integrity of existing protein of the vegetative cell. Upon exhaustion of this energy source there commences degradation of the vegetative proteins to low molecular weight compounds, with some of the products eventually culminating in spores. From an over-all biological viewpoint vegetative en-zyme proteins and spore proteins may be thought of as existing in a dynamic equilibrium: Thermodynamically, the net change from left to right would be exer~onic. the reverse endergonic.
Sporogenesis
This hypothesis accounts for the usual association in growth cultures, of sporogenesis with depletion of energy-providing substances. The reversibility by exogenous energy of the normal left to right equilibrium in a washed cell suspended in water would also be illustrated by spore germination, which essentially represents conversion of spore proteins to vegetative enzyme proteins. Knaysi (1945) and Powell (1951) have observed that the only requisite for germination of endospores of the species used was a solution of a readilv utilizable sugar. That energy rather than carbon is the determining factor in the equilibrium depicted above, i.e. in germination, is suggested by Hills' (1949) discovery of the remarkable stimulation of germination of B. anthracis spores by adenosine at a concentration of 0.2/zg. per ml. (see also Pulvertaft and Haynes, 1951) .
Sporogenesis and Adaptive Protein Synthesis.--In conclusion, the entire picture of sporogenesis as revealed by these studies has so many points of similarity to the adaptive enzyme picture (Spiegelman, 1951; Stainer, 1951 ) that one may be led to surmise that the former is characterized by adaptive protein synthesis in the nature of simultaneous adaptive synthesis of enzymes (Stanier, 1947) . This would not exclude the possibility of direct incorporation of some portion of the vegetative protein into the spore. The specific stimulus responsible for the induction of sporogenesis in a cell would be analogous to that responsible for the induction of genesis of adaptive enzymes; namely, the presence of adequate amounts of intracellular specific substrate(s) and an energy source at a time when competitive syntheses are absent.
Also linking the phenomena of sporogenesis and adaptive protein synthesis are experiments (Hardwick and Foster) which, like those reported for adaptive enzyme systems (Swenson and Giese, 1950; Entner and Stanier, 1951) , show that sporogenesis in distilled water is more sensitive to ultraviolet irradiation than endogenous respiration and viability; in some cases the inactivation of sporogenesis by ultraviolet was photoreactivable by white light.
S~WM-ARY
Washed vegetative cells of various species of aerobic spore-forming bacteria sporulate abundantly when shaken in distilled water in air. The spores thus formed possess the same heat resistance as spores formed in a complete growth medium. Various factors influencing sporogenesis in water are described. Glucose in low concentration completely suppresses sporogenesis under these conditions and the suppression is relieved by the presence of ammonia as an exogenous source of nitrogen. Various amino acid and purine antimetabolite analogues inhibit sporogenesis and their inhibitory effects are completely reversed by much smaller amounts of the corresponding metabolites. Sporogenesis is thus regarded as a de novo synthesis of spore proteins from preexisting endogenous (enzyme) proteins. Cells low in protein fail to sporulate and the capacity of the cell to adaptively attack maltose and trehalose is strongly interfered with after the cell is irreversibly committed to sporulation, but not before that. Evidence is advanced supporting the hypothesis that sporogenesis is an endogenous process which commences when the supply of exogenous energy and carbon is depleted. It utilizes low molecular weight nitrogenous substances liberated by the degradation of preexisting enzyme proteins of the vegetative cell. Sporogenesis and adaptive enzyme formation are regarded as competitive synthetic processes, both utilizing endogenous enzyme proteins. The events of sporogenesis suggest that this process may be an adaptive protein synthesis, analogous to adaptive enzyme synthesis.
